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Our current understanding of the structure and dynamics of cellular membranes
emerged in the early 1970 ’s. However, there is still much we do not know
about the underlying lipid dynamics in cellular membranes, specifically the
process of lipid translocation or flip-flop. The flip-flop rates of only a few lipid
species, principally phosphatidylcholines (PCs), have been measured. Anionic
lipids, such as phosphatidylseryine (PS), phosphatidylinositol (PI), and phos-
phatidylglycerol (PG), are known to be play active roles in membrane function,
but almost nothing is known of the rates of translocation of these species. While
PS and PI are the major anionic lipids of eukaryotic cellular membranes, PG is
mainly found in prokaryotic membranes and comprises about 10% of the phos-
pholipid content of the mitochondria membrane in eukaryotes. In the work
presented here, the native flip-flop rates of 1,2-diasterol-sn-glycero-3-[phos-
pho-(10-rac-glycerol)] (DSPG) flip-flop in mixed DSPG: 1,2-distearoyl-sn-
glycero-3-phosphocholine (DSPC) bilayers have been investigated. Using
methods of classical surface chemistry coupled with nonlinear optical methods,
we have developed a novel analytical approach, using sum-frequency vibra-
tional spectroscopy (SFVS), to selectively probe lipid compositional asymme-
try in a planar supported lipid bilayer. This new method allows for the detection
of lipid flip-flop kinetics and compositional asymmetry without the need for a
fluorescent or spin-labeled lipid species by exploiting the coherent nature of
SFVS. Using SFVS, the rates of DSPG flip-flop in a DSPC matrix have been
examined for the first time. Analysis of the dynamics provides an assessment
of the underlying energetic barrier to PG translocation. The results will be dis-
cussed in the framework of the protein-free energetic barriers to PG flip-flop
and the role of electrostatics in this process.
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The plasma membrane of eukaryotic cells is an asymmetric structure with the
cytosolic leaflet highly enriched in phosphatidylserine (PS) and phosphatidyl-
ethanolamine (PE), whereas these lipids are rare in the extracellular leaflet.
This asymmetric organization is generated by phospholipid flippases in the
type IV P-type ATPase (P4-ATPases) family that pump specific phospholipids
(e.g. PS and PE) unidirectionally to the cytosolic leaflet. Cells typically express
several P4-ATPases that localize to the Golgi, plasma membrane and endoso-
mal system, and differ in substrate specificity. We discovered a crucial role for
P4-ATPases in budding protein transport vesicles from the trans-Golgi network
(TGN) and early endosomal membranes. Current studies are aimed at under-
standing how P4-ATPases from Saccharomyces cerevisiae recognize and flip
specific phospholipid species to generate membrane asymmetry, and why
this plays an important role in budding certain types of transport vesicles.
We have succeeded in mapping a number of residues that determine the phos-
pholipid substrate specificity of the P4-ATPases Drs2 and Dnf1 to the first four
transmembrane segments. These studies imply that the P4-ATPases use a non-
canonical mechanism to recognize and transport substrate relative to closely
related Caþþ-ATPase. In addition, we can mutationally ‘‘tune’’ the substrate
specificity of Drs2 and Dnf1 and use these mutants to probe the cellular require-
ments for specific P4-ATPase substrates. Neo1 is an essential P4-ATPase in
yeast that is closely related to ATP9A and 9B in mammalian cells. Recent
studies imply that Neo1 is the primary PE flippase in yeast and a mutation in
Drs2 that enhances its recognition of PE can functionally replace Neo1 in vivo.
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Computer simulations of model membranes give detailed information about
the structure and dynamics of lipids. Although typical phospholipids have
very slow flip-flop rates compared to molecular dynamics time scales of mi-
croseconds, flip-flop can be simulated by a combination of free energy calcu-
lations and kinetic information. Less polar lipids and sterols have flip-flop
rates that are within direct reach of coarse-grained simulations with the Mar-
tini model. Flip-flop of phospholipids involves significant defects in mem-
branes that are also relevant for other transport properties and the
mechanism of membrane perturbing peptides. I will summarize the results
of a substantial body of simulations in this area and highlight a number of cur-
rent directions.4-Subg
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Sphingolipids and their metabolites are not only structural components in the
plasma membrane, but also bioactive signaling molecules that modulate funda-
mental cellular functions. Though segregation of the sphingolipids into distinct
membrane domains is likely essential for cellular function, the sphingolipid dis-
tribution within the plasma membrane and the mechanisms that regulate it are
not well understood. To address this issue, we have combined metabolic stable
isotope incorporation and high-resolution secondary ion mass spectrometry
(SIMS) to image the distributions of stable isotope-labeled sphingolipids in
the plasma membrane with ~90 nm lateral resolution. We have previously
used this approach to show that sphingolipids are enriched within distinct do-
mains in the plasma membranes of fibroblast cells. We have also used this
approach to investigate the dependency of the sphingolipid domains on
cholesterol-sphingolipid interactions, and the cytoskeleton and its associated
membrane proteins. This talk will focus on our recent work in which we
have assessed whether the sphingolipid domains are co-localized with influenza
hemagglutinin within the plasma membrane.
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Nanoscale Structure and Dynamics of the Liquid Ordered Phase
We report the detailed structure and dynamics of ternary mixtures of lipids and
cholesterol on the ten microsecond timescale, obtained by all-atom simulation
on the Anton supercomputer.1 Using the CHARMM36 force field and an anal-
ysis based on a hidden Markov model, we find excellent agreement between 2H
NMR quadrupolar spectra for a mixture of DPPC/DOPC/Chol with regions of
liquid-ordered (Lo) and liquid-disordered lipids. The Lo phase is found to be
heterogeneous on the nanoscale, comprising regions of hexagonally packed
saturated hydrocarbon chains (red) and interstitial regions enriched in choles-
terol (yellow) and unsaturated chains (blue). The dynamics are slow and collec-
tive, yielding sublinear scaling of lipid mean-squared displacements in Lo.
Comparison to Lo phases formed by sphingomyelin reveals much stronger
lipid-lipid interactions and consequently even slower dynamics. The hexagonal
substructure within Lo is hypothesized to control partitioning of transmembrane
segments between Lo and Ld, shedding new light on an old question: What is
the difference between the Lo phase in lipid bilayers and raft-like regions in
the plasma membrane?
[1] Sodt, A. et al, J. Am. Chem. Soc. 136:725-732(2014).
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Lipid heterogeneities in plasma membranes are increasingly recognized to in-
fluence membrane protein distribution and function. Previous advancements in
the understanding of such lipid-mediated protein sequestration processes have
been rather sluggish, due to the small size and transient nature of lipid hetero-
geneities in cellular membranes. Therefore, theoretical approaches and model
membrane studies have become important research tools. Recently, we intro-
duced a powerful model membrane platform that allows the parallel analysis
of membrane protein sequestering and oligomerization in well-defined lipid en-
vironments using confocal fluorescence intensity analysis paired with the
photon counting histogram method. A hallmark of this single molecule-
sensitive experimental strategy is the ability to monitor membrane proteins
in micron-size membrane domains in the absence of artificial crosslinking
agents. Specifically, we could show that native ligands, bilayer asymmetry,
